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 Tiivistelmä  
Tässä opinnäytetyössä tutkittiin maaperän veden virtauksen mittaamista impedanssitomografiaa käyttäen. Työn 
tavoitteena oli selvittää impedanssitomografian soveltuvuutta veden virtaamisen mittaamiseen laboratorio- sekä 
kenttämittausten avulla. Mittausten perusteella kuvannettiin veden virtausta maaperässä kolmessa dimensiossa. 
 
Maaperän sekä siellä kulkeutuvan veden ja muiden nesteiden kuvantamista voidaan hyödyntää pohjavesivarojen 
tutkimisessa. Kuvantamisella voidaan parhaimmillaan arvioida ja ennustaa varantojen suuruuden kehitystä, sekä 
mahdollisesti paikantaa sinne kulkeutuvia haitta-aineita (esim. kaatopaikkavuodot, öljyonnettomuudet). Mitä 
luotettavimmin kyseisiä ilmiöitä pystytään todentamaan, sitä paremmin ihmiselle ja luonnolle tärkeää veden laatua 
pystytään ylläpitämään. Yleisesti maaperän kuvantaminen on mutkikasta johtuen vaihtelevista pinnanalaisista 
rakenteista sekä erisuuntaisista veden virtauksista. Nykyisin käytettyjen, maaperässä veden kulkeutumista 
kuvantavien menetelmien ongelmana on usein se, että niistä saatava tieto on harvoin tarpeeksi tarkkaa ja 
luotettavaa, ja monesti kuvantaminen on kaksiuloitteista. Luotettavalle, kolmiuloitteiselle kuvantamismenetelmälle 
olisi siis selkeä tarve. 
 
Tämän työn maaperän kuvantamistutkimus aloitettiin vuonna 2011. Inversio-ongelmien tutkimusryhmässä oli jo 
aiemmin tehty maaperään ja veden virtaukseen liittyvää tutkimusta sekä maaperämittauksissa käytettävää 
laskentaa. Tarkoitus oli edetä tutkimuksessa siten, että jo käytössä olevan laskennan ja mittauslaitteiden 
toimivuutta tutkittaisiin käytännön mittauksilla. Aluksi työtä varten tehtiin taustatutkimusta, johon kuului 
hydrogeologian ja impedanssitomografian teoriaan, nykyisin käytössä oleviin mittausmenetelmiin sekä yleisesti 
mittaustarpeeseen tutustumista. Seuraavaksi suoritettiin laboratorio- sekä kenttäkokeet, joista rekonstruoitiin 
MATLAB-ohjelmalla tulokset. Rekonstruoimisessa hyödynnettiin tutkimusryhmältä saatuja MATLAB-
laskentakoodeja. Lopuksi arvioitiin impedanssitomografian hyödyntämismahdollisuuksia maperässä kulkeutuvan 
veden mittaamiseen. 
 
Työn lopputuloksena saatiin mittausten perusteella lasketut kolmiulotteiset rekonstruktiot maaperän 
sähkönjohtavuudelle useissa eri testitilanteissa. Lopuksi voitiin päätellä, että tulokset ovat käyttökelpoisia, ja että 
impedanssitomografialla on mahdollista kuvantaa maaperässä virtaavan veden kulkeutumista. Tuloksissa esiintyi 
kuitenkin virheitä, jotka johtuvat todennäköisimmin mittauslaitteesta. Tulokset asettavat pohjan tulevalle 
tutkimukselle ja mahdolliselle laskennallisten menetelmien kehittämiselle. Käytetyllä menetelmällä on potentiaalia 
nykyisten mittausmenetelmien rinnalle maaperässä kulkeutuvan veden kuvantamisessa.      
 
 
 
 
Avainsanat  
Veden virtaaminen, maaperä, impedanssitomografia 
 
 
         
        
  
SAVONIA UNIVERSITY OF APPLIED SCIENCES  
 THESIS 
Abstract 
 
Field of Study 
Technology, Communication and Transport 
 Degree Programme 
Degree Programme in Environmental Technology 
Author(s) 
Paula Kaipio 
 Title of Thesis 
Measuring Water Flow in Soil Using Impedance Tomography 
Date 29 May 2014 Pages/Appendices 40/1 
Supervisors 
Lecturer, Teemu Räsänen, DSc (Tech) (Savonia), Docent, Aku Seppänen, PhD (UEF) 
 
Client Organisation /Partners 
University of Eastern Finland, Department of Applied Physics, Inverse Problems Group 
 
Abstract 
The topic of this thesis was the monitoring of water flow in soil using Electrical Impedance Tomography (EIT). 
The aim was to investigate the suitability of EIT for imaging water flow in soil. Laboratory and field measure-
ments were carried out for investigating the feasibility of EIT imaging of water flow in soil. Water flow in soil was 
three-dimensionally (3D) imaged from the measurements. 
 
Imaging of flowing water and other fluids in soil can be utilized in investigating groundwater resources. Imaging, 
at its best, could allow analysing and predicting the development of groundwater resources, or even enable locat-
ing of hazardous substances, which have been flowed into the soil (e.g. leaks from landfills, oil accidents). The 
more reliable information of these incidents can be received, the better the quality of water can be maintained, 
which is important for humans and nature. In general, imaging of soil is complex, because of its variable struc-
tures and divergent water movement. Problem with currently used techniques for monitoring water flow in soil is 
that the information often lack in detail and comprehensiveness, and often the imaging is two-dimensional.  
There is a need for reliable, three-dimensional imaging method. 
 
The research on imaging of soil for this thesis was started in 2011. In the inverse problems group in University of 
Eastern Finland, some previous works on imaging water flow in soil had already been carried out, and the codes 
for computing the data from upcoming geotomography measurements were already made. The next step was to 
investigate how the codes and measurement devices would work with real data from the experiments. First, 
some preliminary framework was done. This included getting to know of the theory of hydrogeology and EIT, 
currently used methods for imaging water movement in soil and the need for such experiments in general. Sec-
ondly, laboratory and field experiments were carried out, and based on those, results were reconstructed using 
MATLAB. Lastly, the feasibility of EIT for imaging water flow in soil was analysed.  
 
The deliverables of the thesis work were the 3D reconstructions of soil conductivity in several measurement cases 
computed from the measurement data. It was deduced, that the results are feasible, and that EIT has strong po-
tential in measuring water flow in soil. There were some errors in the results, which were most likely caused by 
the measurement device. The results from these experiments set the base for further research and for possible 
development of computational methods. The used method has a great potential as an option for the currently 
used techniques for measuring water flow in soil. 
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1 INTRODUCTION 
 
Groundwater is one of the major sources of fresh water for human and nature. The importance of 
fresh groundwater increases while the resources diminish overall. Receiving continuous information 
on hydrology and hydraulics of water movement from the surface of the ground through the vadose 
zone to aquifers would help to protect the groundwater resources and possibly prevent the ground-
water pollution caused by variable sources, and the scope of it even in advance. There are also leg-
islative and economical aspects, which impose the groundwater resources and water safety to be 
taken care of. This sets a certain need for measuring water flow in soil. In addition, frost heaving 
and spring flooding after snowmelt cause great costs yearly. The ability to measure these could help 
preventing the damages.  
 
There are several methods for measuring soil moisture and water flow in porous media. Soil mois-
ture measurements are often based on spot metering. The soil moisture content is often measured 
using tensiometers, granular matrix sensors or neutron probes. Currently, measuring and imaging of 
water flow or for example tracers in soil, is mostly based on electrical methods. These measuring 
methods have been used for imaging the flow of water or other fluids in soil both two and three-
dimensionally. There are also some simulation softwares for measuring water flow in soil, based on 
geographic information of the location. Many of the currently used methods and applications lack in 
comprehensiveness, and are time as well as money consuming.  
 
Electrical impedance tomography (EIT) is an imaging method, in which electrical conductivity distri-
bution inside a target is reconstructed into a three-dimensional image. EIT has been used for moni-
toring water movement in soil. Humidity and dissolved salts in soils create electrically conductive 
volume, due to which, measuring water flow using EIT is theoretically possible. There is certain 
need for an application with reliable and accurate three-dimensional visualization of water flow in 
real-time. Convenient application would enable repeatable and cost effective measurements, and it 
would be suitable for large scale field measurements. Computation plays an important role in devel-
opment of better imaging and applications for measuring water movement in soil. 
 
The aim of this thesis is to further investigate the capability EIT for monitoring water flow in soil. 
Especially the study is about wheter three-dimensional (3D) EIT could give accurate and feasible 
information on the moisture movement, the direction of flow and the amount of water in soil. In the 
end, the aim is to investige and analyse if 3D EIT could be a competitive imaging method for imag-
ing water flow in soil for the currently available methods, and if it could possibly help protecting 
groundwater resources as well as preventing groundwater pollution in the future. 
 
As for the progress of this thesis (Figure 1), theoretical framework was done before carrying out the 
experiments. Theoretical framework included further studying of hydrology in general, former re-
search on the topic as well as getting to know the measurement device. Moreover, theoretical 
framework included studying about thesis related hydrogeology, such as movement of water and 
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other fluids in porous media, currently existing threads for water resources, as well as EIT as imag-
ing method. After studying such thesis related subjects, laboratory measurements were carried out. 
 
 
FIGURE 1 Process of this thesis 
 
Several laboratory measurements of water flow in soil were carried out in process tomography la-
boratory in Kuopio, Finland during 2011-2013. Two field measurements were carried out by a ridge 
in Maaninka, Finland in October 2012 and August 2013. After all of the measurement data was col-
lected and EIT reconstructions computed, results were analysed. Based on these studies, suitability 
of 3D EIT for water flow imaging in soil was investigated. 
 
  
Conclusions
Summing of results General error evaluation Suitability of EIT
Measurements in field
Measurements in laboratory
Theoretical framework
Hydrogeology Former research on the topic Measurement device
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2 THESIS RELATED HYDROGEOLOGY 
 
The main focus in this thesis is on the water movement in porous media, geologically in the vadose 
zone. In this chapter, some elementary concepts on the hydrologic cycle and profile is introduced to 
set a background for the content of this thesis. 
 
2.1 Hydrologic cycle 
 
Water cycles in solid, liquid and gas forms in ground, seas, lakes and rivers, as well as in air. There 
are various inputs and outputs. Precipitation is considered as the input, and evaporation together 
with transpiration and stream run-offs as outputs. The infiltration through soil is the major source of 
inflow as well as recharge to ground water resources. (Bear 1979.) 
 
As a whole, groundwater is connected to air, surface waters as well as to ground. The focus in this 
study is on the infiltration of water in the vadose zone. Vadose zone is the unsaturad zone between 
the Earth’s surface and groundwater.  
 
2.2 Vadose zone 
 
The vadose zone is the volume between the surface of the Earth and phretic water (Figure 2). The 
vadose zone consists of the soil water zone, intermediate zone and capillary fringe. (Bear 1979.) In 
vadose zone there is both water and air in the pores. Vadose zone is the unsaturated zone where 
water is held by soil pores and capillary forces.  
 
 
FIGURE 2 Water profile (Based on an image from Kansas Geological Survey, 2004) 
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2.2.1 Water flow in vadose zone 
 
The water flow in soils is primarily vertical. Water moves through variable structures in ground and 
is greatly influenced by the atmosphere because of evapotranspiration and rainfall. The solid fabric 
of the unsaturated zone includes soil, stones, porous rock, and organic matter. (Nimmo 2005.) In 
addition to vertical flow, water moves through capillary action. In general, water flow increases with 
the distance from the ground level. (Roth 2012.) The flow process in the unsaturated zone includes 
transportation of nonaqueous liquids, solid particles and gases. (Nimmo 2005.) 
 
The infiltration of water in soil is the process describing how water on the surface of ground enters 
the soil. The infiltration rate describes soils ability to absorb rainfall or irrigation. The water infiltra-
tion is controlled by gravity, capillary action and soil porosity. (Physical Geography, 2014-5-12) The 
permeability describes how porous medium conducts or transmits fluids. In this case, this means the 
ability of soil to allow fluids passing through. The permability is greatly dependent on the pore size 
as well as infiltration (movement of water into the soil) and percolation (water movement through 
the soil) rate. (Bear 1972; Bear and Zaslavskiĭ 1968; O'Geen 2012.)  
 
Water tends to move downwards by gravity. On the other hand, the water is moved upwards by the 
capillary action. The capillarity action in soil describes the attraction of water molecules to soil parti-
cles. (Hauksbee 1712.) It appears as water from lower layers is absorbed into the less saturated soil 
volumes above by capillary forces. 
 
2.2.2 Soil types in the vadose zone in Finland 
 
The focus in this thesis is on the soil types in vadose zone in Finland. Finland’s bedrock is ancient, 
one of the oldest in the world. On the other hand, soil is young. It has been formed during the last 
few tens of thousands of years by the last ice age. On top of the bedrock there are moraines from 
the ice age and some graded soils. The latter are glacier-born gravel and sand that appear espe-
cially by ridges. There is also clay and other finer soil types, such as fine sand and silt layered in dif-
ferent depths. In addition, there are organic soils such as peat and mud. (Lehtinen, Nurmi and 
Rämö 1998). 
 
2.3 Aquifers 
 
An aquifer (a ground water basin) is a geological formation, or group of formations, which contains 
water and permits significant amounts of water to move through it under ordinary field conditions. 
(Bear 2007). In Finland there are over 6000 aquifers and more than half of these are used as water 
supply reserves. Approximately 5.4 million cubic meters of water a day is replenishing the aquifers 
of which 0.7 million cubic meters is consumed by people. This totals 12.6 % of formed water. This 
means that more water forms than is used. Nevertheless the use has been increasing since 1970s 
and more restrictions on water safety and quality have been applied. People living in sparsely popu-
lated areas are more dependent on groundwater which is taken from springs or wells. (Rusanen, 
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Finer, Antikainen, Korkka-Niemi, Backman and Britschgi 2004; Backman, Luoma, Schmidt-Thome 
2007.) 
 
The capacity of natural groundwater resources can be increased by recharging surface water into 
the ground. Surface water is filtered through the soil, which improves the quality of water. Recharg-
ing of groundwater is already used in 25 waterworks in Finland. The use of artificially recharged 
groundwater was 10 % in Finland in 2009 and is presumably increasing. (Britschg, Antikainen, 
Ekholm-Peltonen, Hyvärinen, Nylander, Siiro and Suomela 2009.) Due to this, exploring the move-
ment of recharged surface water in soil is vital.  
 
Even though there are a lot of resources in Finland’s aquifers, they are not evenly spread around the 
country. However, approximately 60 % of water used in Finland is from aquifers. Water for example 
from coastal aquifers cannot be easily extracted. (Lavapuro, Lipponen, Artimo and Katko 2008; 
Britschgi et al. 2009.) In these areas, water is often heavily consumed, because many large cities 
are located in the coastal area of Finland, and it has been necessary to extract water from very fer-
reous aquifers and surface waters. This is also one of the many reasons why surface waters have a 
huge impact on human health and nature as well. The worst state of surface waters is in Southern 
Finland, where also the density of population is the largest. On the other hand, by ridges and termi-
nal moraine lands, in gravel and sand areas, such as Salpausselkä in southern Finland, groundwater 
is good of quality and rich in oxygen. (Lavapuro et al. 2008; Britschgi et al. 2009.)  
 
It is broadly known that the quality of water in Finland’s groundwater reserves and glacial deposits 
is among the best in the world. The groundwater is soft with low concentration of substances and 
with pH close to neutral, in the level of drinking water (6-7) in general. The purity and quality of 
groundwater result from being more protected against substances than the surface water as well as 
from the structure of soil. The soil layers in the vadose zone filters out an amount of substances. 
Nevertheless, some concentrations or amounts of iron, manganese, salt water, arsenic, fluorine and 
radon may contaminate and reach the ground water because of extraction as well as geological fea-
tures. (Oram, Halsor, Redmont 2013-4-4). There are severe risks for groundwater resources and 
quality. Petrol stations, industrial plants, use of salt for de-icing roads and landfills may cause con-
tamination even though the resources are heavily protected by local authorities and waterworks. 
Naturally the salinity of groundwater of in some areas increases because of de-icing of roads.  
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3 NEED FOR MEASURING WATER FLOW IN SOIL 
 
Increasing the knowledge of water and other fluid movement in soil would help the protection of 
ground water resources. The ability to get real time information and understand more specifically 
the ground water development indirectly affect the amount of water which could be used. The bet-
ter the resources can be protected, more of it can be utilized. When soil, through which the water 
infiltrates is contaminated, groundwater is affected (Bedient, Rifai and Newell 1994). In addition, 
there are some legislative and economical factors to groundwater resources and water flow in soil. 
Moreover, also the frost heave is considered as water movement, and it causes yearly costs by dam-
aging buildings, roads and pluming due to ground movements. (Taber 1929). Understanding and 
improving these processes needs researching and actual infield measuring.  
 
3.1 Groundwater 
 
Groundwater originates from rainfall or snowmelt via precipitation through soil and rock to aquifer, 
which is also known as the body of ground water. Moreover, water flows from surface waters to aq-
uifers. (Bear, 1979). As noted above, aquifers are the main resources of fresh water which are read-
ily available for general water supply. (EPA: Groundwater 2012-2-3). Water is heavily used for crop 
production, industrial production and municipal waste removal. Water is also consumed indirectly in 
food industry. As global estimates from a statistical study show, for example production of one kg of 
potatoes requires 160 kg of water whereas up to 16,000 kg of water is required for producing one 
kg of beef (Hoekstra 2003; Roth 2012.)  
 
As the population is growing, water and food consumption in general increase and climate change 
accelerates, need for fresh water has increased rapidly. (Falkenmark and Widstrand 1992.) Climate 
change will probably intensify droughts and floods, make changes in precipitation, soil moisture and 
surface water. (Taylor, Scanlon, Döll, Rodell, Beek, Wada, Longuevergne, Leblanc, Famiglietti, Ed-
munds, Konikow, Green, Chen, Taniguchi, Bierkens, MacDonald, Fan, Maxwell, Yechieli, Gurdak, Al-
len, Shamsudduha, Hiscock, Yeh, Holman and Treidel 2012.) Susceptibility of groundwater for sur-
rounding changes is obvious.  
 
Ecological systems also rely on ground water. The aquifers reach the Earth’s surface in places where 
they form springs and streams. (Alley, Reilly and Franke 1999.) Aquifers help maintaining the mois-
ture balance in soil and providing water to animals and plants. At its best, an aquifer is a longtime 
fresh water storage and a resource also for ecological populations. 
 
3.2 Pollution impact 
 
Pollutants and harmful substances get to flow through the vadose zone into aquifers. This indirectly 
reduces the amount of fresh, clean water or make water treatment and usage more complicated. 
Under these circumstances it is even more important to understand water flow and the formation of 
ground water (Domenico and Schwartz, 1998.) Pollution impact in ground is normally caused by 
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landfills, contaminated lands, and discharges to land, accidents and spills as well as industries. (Mur-
ray, Rouse and Carpenter 1981; Macay and Cherry, 1989). Understanding the water flow might 
make it possible to follow the route of harmful substances for example when some leaking accidents 
occur. 
 
3.2.1 Landfills and nuclear waste deposits 
 
Landfills have been identified as one of the major threats to groundwater. (Fatta, Papadopoulos and 
Loizidou 1999) Solid wastes dumped on a site release contaminating fluids, and the by-products of 
decomposition get into the flowing water which goes through the landfill site. Such liquid is called 
leachate. (Mor, Ravinda, Dahiya and Chandra 2006.) Landfills practically without exceptions hold an 
amount of hazardous substances, and some of the sites are located so that the runoffs from the 
dumping ground could reach groundwater even if the site is not in directly above the aquifer. Leaks 
from landfills harm the environment and humans. Usually restrictions and laws require appropriate 
sealing of the dumping areas and handling of waste and water on site. (FINLEX, 331/2013). Never-
theless, currently used landfills are very likely to leak leachate into ground and surface waters even-
tually. Widely used landfill sealings and plastic pipes allow chemicals and gases to pass through their 
membranes, become brittle, swell, and break down. These leaks are not easily predicted or repaired 
and such actions demand resources. Breakdowns of inappropriate sites and disasters by other 
causes might lead unwanted, even hazardous chemicals into the ground and the vadose zone. In 
aforementioned cases water would be the transferor and lead the pollutants into groundwater re-
sources. (SPRINGHILL: Groundwater management plan 2012-4-16; White, Baker 1997.) 
 
As for nuclear waste deposits, the migration of radionuclides in groundwater would be severely 
harmful for human and environment. Yet the studies have proven that in majority of cases any mi-
gration won’t happen unless the water level rises and so moves the nuclides. (Bergeron and Bugliosi 
1988; Kowalski: Midwest Energy News 2013-12-12.) However, because groundwater behaviour over 
10,000 years is almost impossible to predict, research and imaging development would be conven-
ient. (Krauskopf, K. B. 1988). 
 
3.2.2 Other spills and contaminants in the ground 
 
There are a number of sources for contamination of ground. For example truck or vessel accidents 
can cause leaks of variable solvents and oils. (Baehr and Corapcioglu 1984). Broad range of indus-
tries as well as oil reservoirs cause leaks and pollution to the environment (Alloway 2013). De-icing 
of roads in the winter increase salinity in land areas. (Ramakrishna and Thiruvenkatachari 2005)  
 
3.3 Frost heave 
 
Heaving and subsidence of the surface cause damage in cold climates to hard-surfaced roads, 
plumbing, buildings, foundations, and also to certain agricultural crops. Freezing and thawing of 
soils are the causes of froth heaving. The uplift of the surface soil is due to the change in volume. 
Frost action is based on the change in phase of soil water between liquid and ice. As water turns 
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into ice the increase in volume between these phases is 9 % causing upward expansion. (Walters 
Forensic Engineering 2014-3-4.) The expansion is upward since there is less resistance towards the 
surface.  
 
The magnitude of frost heaving depends on the local climate, availability of water, and soil texture. 
The heaving is when the ice lenses form in the soil and below large rock fragments. Ice lenses form 
when diffused moisture in pores and cracks freezes and wedges the surrounding material. The 
amount of free water in soil determinates the size of an ice lens. (Rempel 2007.) Ice lenses grow 
parallel to the surface, and the growing continues as long as there is water available. (Nuttall, 
2005.) Capillary action makes free water to migrate through the pores. Some soils are more suscep-
tible to the formation of ice lenses than others. Silts or silty clay soils are the most prone to the frost 
since the small size of its particles enable the capillary action. Silts and such soils with small particles 
and gradation detain water and permit it to flow supplying it for lenses. Clayey gravel, rock flour and 
fine sands are also considered susceptible for formation of frost as well as glacial tills, dirty sands 
and gravels as fairly susceptible. (Earth Manual 2013-4-4) 
 
Frost heave is found for example from over culvert pipes, roadside ditches or water collectors, and 
transitions from cut to fill. In general there is frost heaving where there is an abrupt change in sub 
grade material. Predicting of the direction and the scope of moisture movement and the possibility 
of frost heaving would help avoiding damages. (Sinnott Blacktop, LLC. 2013-4-4.) 
 
3.4 Economical and legislative aspects 
 
Contamination of ground and groundwater cause great costs and heavy actions. The soil contamina-
tion is a widespread problem in Europe. It has been estimated that there are 250 000 sites to be 
cleaned while over 80 000 sites have been cleaned during the past 30 years. (EPA Soil contamina-
tion, 2012-15-3; EEA 2013-4-4.) Costs for cleaning or excavating contaminated land are approxi-
mately 100-300 € per metric ton. (Myyrä 2006; FRTR Soil Remediation Technology 2014-3-3.) In the 
EU, there is a directive 2004/35/CE which has been established for liability towards prevention and 
remedying of environmental damage. Damage is considered as “damage to protected species and 
natural habitats, damage to water and damage to soil” (Directive 2004/35/CE.) 
 
3.5 Currently used methods 
 
Currently used methods set the base and a possible need for this thesis. There are currently a num-
ber of methods for both, measuring humidity and water movement in soil. There are also some ap-
plications of electrical methods used in vadose zone, which are related to this thesis, such as map-
ping nuclear waste depostits and detecting pore size of soil. Some of the methods mentioned are 
presented in this chapter. 
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3.5.1 Measuring soil water and flow of water or other fluids 
 
Soil humidity can be measured based on intrusive spot metering. Soil water potential methods 
measure the tension and how water in held by soil. Soil water tension is measured using tensiome-
ters and soil moisture blocks as well as granular matrix sensors. (Bouyoucos 1947; Richards 1949; 
Quails, Scott and DeOreo 2007.) Soil water content methods then again measure directly the 
amount of water. For example neutron probes and capacitance sensors are used for measuring wa-
ter content. Also the imaging method used in this thesis, electrical impedance tomography (EIT), 
measures the conductivity of soil. (Coleman and Hendrix, 1949; Dalton, Beck and Flanagan 1984; 
Corwin 2005; Goss and Madliger 2007; Grisso, Wysor, Holshouser and Thomason 2014-2.) Measur-
ing electrical conductivity has been the method used also in this thesis. There are applications of 
methods involving gamma-ray measuring, gravimetric measuring and tracers which have been used 
for determinating soil moisture. (Belcher, Cuykendall and Sack 1950; Plant and Soil Sciences 1999.) 
Theoretically, water flow in soil can be measured using spot metering. Humidity can be measured 
repeaditly in several spots during time in the same area, and the changes in moisture indicate the 
water flow in soil. 
 
There are methods which are used to measure water or other fluid flow in soil. Water movement in 
soil is currently measured for example using different tracers as indicatiors. (Allison and Hughes 
1983; Barnes and Allison 1988.) These tracers have been located using EIT. The method has also 
been used for monitoring the infiltration of melt water loaded with deicing chemical and the 
transport of other contaminants in unsaturated zone. (Aristodemou and Thomas-Betts 2000; 
Wehrer, Lissner, Bloem, French and Totsche 2-2013.) Spectral induced polarization is commonly 
used in geophysics for measuring and predicting water flow. (Craig and Lee 2004; Ulrich and Slater 
2004). It has been used for example for evaluating the storage properties of soil. (Börner, 1996.) 
Moreover, there are softwares such as FEMWATER, which is used for simulating water flow and 
transport. FEMWATER is based on fine element method, and it is tool used for saturated and un-
saturated water movement with three-dimensional visualization. (Lin, Richards, Yeh, Cheng J. and 
Cheng P. 1997.) 
 
Electrical impedance tomography has already been used as a method for measuring flow of water or 
other fluids, such as contaminants in landfill sites, in vadose zone. (Daily 1992; Binley, Shaw and 
Henry-Poulter 1996; Slater, Binley, Versteeg, Cassiani, Birken and Sandberg 2002; Chambers, Loke, 
Ogilvy and Melrdrum 2004; Koestel, Kemna, Javaux, Binley and Vereecken 2008; Akinyemi et al. 
2012.) Both two- and three-dimensional imaging has been done using EIT and it is one of the most 
popular techniques for geophysical applications. (Gunther and Rucker, 2012). For example monitor-
ing volumetric moisture content in soil and the before mentioned flow of tracers have been imaged 
three-dimensionally using EIT. (Beff, Günther, Vandoorne, Couvreur and Javaux 2013). There are 
some applications of monitoring water flow in vadose zone based on three-dimensional EIT imaging 
which have been investigated. (Park 1998; Deiana, Cassiani, Kemna, Villa, Bruno and Bagliani 
2007). However, almost all of the currently used methods for monitoring water flow are based on 
two-dimensional imaging. 
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3.5.2 Oher thesis related applications 
 
There are some applications based on electrical methods, which have been tested and used for 
mapping soil. Variety of methods are used for example for mapping contaminants in soil. Electro-
magnetic geotomography is used for finding nuclear waste deposits and spectral indused polariza-
tion for oil-contaminated sand (Ramirez, 1983; H. Vanhala 1997; A. Korpisalo 2014). Leaks from 
landfills have already been examined by several different methods with applications such as vacuum 
box, air pressure, spark test, dye, and electrical leak location. So far the most accurate and doable 
has been electrical leak locating. (Colucci, Darilek, Laine and Binley 1999). Locating leaks from un-
der the lining based on electric method, is based on the electrical characteristics of leaking fluids: 
the electrical conductivity of the soil increases when the contaminated water infiltrates into it. 
There are also methods for soil structure and pore size mapping (Koh, Kim, Jung, Hahn and Suh 
1997; Delerue, Perrier and Velde 1999). In addition, snowmelt water flow is measured (French 
2002). 
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4 ELECTRICAL IMPEDANCE TOMOGRAPHY IMAGING 
 
Electrical Impedance Tomography (EIT, also known as Electrical Impedance Tomography, ERT is an 
imaging method based on electrical measurements. In EIT, electric currents are injected, into an 
examined object through a number of electrodes attached to the surface of the object. Electric cur-
rent usually is injected between two selected electrodes at a time; various current injections be-
tween different electrode pairs are used to collect the whole EIT data set. Corresponding to each 
injected current, potential differences (voltages) between several pairs of electrodes are measured. 
Based on this information, the conductivity distribution, in this case the distributed conductivity of 
soil, is reconstructed. EIT is an ill-posed inverse problem, which means that the reconstructions are 
extremely intolerant for modeling errors and measurement noise. (L. Borcea 1999.) 
 
 
FIGURE 3 Example of EIT imaging of soil (Three dimensional volumetric soil water content recon-
structed based on EIT Beff et al. 2013) 
 
EIT has been examined and used as medical imaging technique for example in monitoring human 
chest and brain. (Holder 1993; Yerworth, Bayford, Cusick and Holder 2002.) In process industry, EIT 
has been used for imaging flows of fluids in pipes for example in mining and dairy (Scott and 
McCann 2005.) EIT has also potential applications in non-destructive material testing; for example, 
the feasibility of EIT for locating cracks in concrete structures has been studied recently. (Karhunen, 
Seppänen, Lehikoinen, Monteiro and Kaipio 2010). Geophysical applications based on EIT such as 
mapping an underground structure or moisture content and locating solid rock have already been 
tested and used for several decades. (Gunther and Rucker 2012.) Vadose zone water movement, 
snowmelt flow as well as permafrost have been imaged using EIT. (Daily et al. 1992, S. K. Park 
1998; French 2002; Krautblatter, Verleysdonk, Flores-Orozco and Kemna 2010). As mentioned be-
fore, three-dimensional EIT has already been used for monitoring water content, as shown in Figure 
3, and tracers in soil. It has been used for monitoring solute, also known as tracer, transport in soil. 
For example DNAPL can been used as a solute. (Barnes and Allison 1988; Koestel 2008). DNAPL 
comes from dense non-aqueous phase liquid, which is organic liquid with contaminants. It is rather 
insoluable in water; for example transformer oil is DNAPL.   
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In comparison with various other measurement techniques, an advantage of EIT in examining the 
content of soil is that there is no need for digging and replacing the soil from area to be measured. 
It is also a reckoned method for the possibility to see the changes in real-time. If the method and 
applications would be developed further, the computing and reconstructing images could be made 
so that the user could see a comprehensive view from underground on a screen in real-time. Cur-
rently available commercial devices are based on two-dimensional EIT imaging. However, in reality 
the conductivity distribution inside an object varies in three dimensions, which means that three-
dimensional EIT is required for more reliable imaging. 
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5 LABORATORY STUDIES 
 
Measuring water flow in soil using EIT was tested in a process tomography laboratory in the Univer-
sity of Eastern Finland. Experimental studies were carried out in Kuopio during 2011-2013. 
 
5.1 Materials and methods 
 
Cylindrical plastic tank with volume of 0.26 m3 (height 39.5 cm, diameter 46.0 cm) was used in the 
experiments. Inside the tank, there were 20 electrodes aligned in 4 vertical rows. The electrodes 
were attached on the inner surface of the tank wall. The measurement device SIPFIN and its remote 
units were connected to the electrodes (Figure 4). The tank was filled with soil. Water was poured 
through a tube (⌀ 5 cm) and let absorb into the sample, and measurements were carried out.  
 
   
FIGURE 4 Left: Photograph of a typical measurement set-up before measuring. Center: Photograph 
of drying sand between experiments. Right: Photograph of a measurement set-up during experi-
ment. (Photographs Paula Kaipio 2012-2013) 
 
5.1.1 Materials 
 
Experiments were carried out using 3 types of soil. In order to examine the suitability of EIT for im-
aging different soil types, the experiments were carried out using 3 types of soil. As for selecting 
and preparing the samples, some constraints had to be addressed: 
 
 Soil samples had to be porous enough for convenient duration of the experiments. Water 
should be absorbed and the measurements carried out during one day.  
 Samples must be electrically conductive in order to use EIT. Samples must be prepared into 
some level of humidity. Soil also must be packed firmly and evenly in the tank so that there 
would be not much air. In order to mimic a natural state, the samples should be from nature. 
 
The selected soil types were medium fine sand (Figure 5), fine sand and silty sand. Both fine and 
medium fine sand were transferred in the laboratory from Noro, Maaninka. The area is located by a 
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natural ridge. The silty sand was digged from steeply sloping terrain at Lukkarila, Varpaisjärvi (Fig-
ure 5). Silty sand (SM) is roughly an intermediate of clay and sand. Granularity tests were carried 
out in geo-technical laboratory in Savonia, in order to determine the soil types. Also the natural 
moisture content was determined.  
 
  
FIGURE 5 Left: Photograph of silty sand from Varpaisjärvi. (Photograph Tuomo Savolainen 2012) 
Right: Photograph of drying the medium fine sand from Maaninka. (Photograph Paula Kaipio 2012) 
 
5.1.2 Sample preparation 
 
In all experiments, a soil sample of 0.26 m3 per experiment was first dried (Figure 5) and then mois-
turized with water into the desired level of humidity. A plastic tube was inserted in depth of approxi-
mately 1.5 cm from sample’s surface. Water was poured through the tube during measurement. 
Sample was then left to settle in the tank overnight (humidity evens and temperature sets) and the 
experiment was carried out in the next day. Measurement set-ups and sample handling differedbe-
tween the experiments, depending on the purpose of each experiment. For example, in one test 
case, an obstacle was inserted into the soil sample.  
 
5.2 Measurement device 
 
SIPFIN system was used in the experiments as the measurement device. It is based on spectral in-
duced polarization. SIPFIN system is modified from a commercially available SIP256 –system. 
SIP256 –system is used for productive 2-D and 3-D investigations on frequency-dependence of elec-
trical resistivity (amplitude and phase) of rocks and sediments. (Radic research, SIP256-flyer, 2014-
5-2) The modified system allows the user to make voltage measurements also on the electrodes 
connected to the current injection channels. Moreover, the modified system has larger voltage 
measurement range than SIP256. (Savolainen 2014-5-22.) 
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5.3 Electrodes and electrical current injections 
 
In the experiments, 20 electrodes were used. The electrodes aligned in 4 vertical rows as shown in 
Figure 6.  As mentioned before, alternating current was injected between electrodes and voltage 
was measured. 
 
 
FIGURE 6 Photograph of the tank used in the measurements (Photograph Paula Kaipio 2012) 
 
 
FIGURE 7 Current injections from electrode 1 to all (left) and from 18 to all (right) 
 
The electrodes were placed and numbered anti-clockwise starting from lowest layer. The currents 
were injected between electrodes 1-2, 1-3, 1-4… as well as 18-2, 18-3, 18-4... (Figure 6 and 7) To-
tal of 37 current injections were applied. Duration of measuring 37 current injections was 7 minutes. 
The measurement data corresponding to 37 injections was used for computing one EIT reconstruc-
tion. During the infiltration of water, such a set of measurements was carried out about 30 times. 
 
5.4 EIT measurements 
 
SIPFIN’s data collecting and transferring remote units around the tank were attached from elec-
trodes from inside the tank to each other and to the main unit. Alternating current was injected 
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from the remote units (20 pc.) through electrodes and the potentials were measured. The main SIP-
FIN-unit collects and sends the measured raw data to computer, which has the software for compu-
ting the information from the main unit. The data from the measurement system is preprocessed 
(demodulated) to give the amplitudes of the potentials that are used by EIT reconstructions. After 
receiving the demodulated data, reconstructions were computed using Matlab. 
 
For every experiment, the first set of EIT data was measured before adding water. This was used as 
reference data for difference imaging, see below. After this, the experiments were carried out con-
tinuously measuring and adding water into the soil. After the wanted amount of water was added, 
the measuring continued for some time. In general, data was collected before, during and after add-
ing water. 
 
5.5 EIT reconstructions 
 
The data from the experiments was computed using MATLAB. Codes for MATLAB were provided by 
the Inverse Problems Group, Department of Applied Physics, University of Eastern Finland. (Vauhko-
nen, Vauhkonen, Savolainen and Kaipio 1999; Karhunen et al. 2010) The image reconstruction 
problem in EIT is extremely sensitive to measurement noise and errors in measurements and model-
ing. (Kaipio and Somersalo 2005). In this thesis, most of the results were reconstructed using differ-
ence imaging. In difference imaging, a reference data is used for reconstructing the change of the 
impedance between two data sets. (Kolehmainen, Vauhkonen, Karjalainen and Kaipio 1997). In this 
case, reference data is measured before adding water, and other data is recognized as the change 
to the reference data. Difference imaging is a contrast to absolute imaging where the conductivity 
distribution is reconstructed based on a single data set. There is no reference data in absolute imag-
ing. In the following chapter, the results of the first experiment are reconstructed using absolute 
imaging. All the other presented results are reconstructed using difference imaging.  
 
Every EIT image reconstruction presented in this thesis is three-dimensional. Most of the reconstruc-
tions are presented in two-dimensional vertical cross-sections, to point out the place of water plume 
inside the tank. 
 
5.6 Results and discussion 
 
The results of the experiments are presented in this chapter. There are four laboratory experiments 
each representing different purpose for measuring.  
 
5.6.1 CASE 1: Water infiltration in homogeneous sand 
 
The first measurement set-up was made quite simple as it would determine the base for the upcom-
ing experiments. Medium fine, homogeneous sand was used in the experiment due to its suitably 
high permeability. The sand was evenly packed into the tank. The humidity was set to 7.5 % by 
mixing the sample, homogenous medium fine sand, and water. After filling and sealing the soil in 
the tank a tube was inserted in the top soil, 5 cm from the boundary (Figure 8 and 9).  
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FIGURE 8 Photograph of the experiment in Case 1. (Photograph Paula Kaipio 2011) 
    
 
 
FIGURE 9 Schematic side view at the experiment. 
 
During the first 35 minutes, 2.5 liters of water was injected through the plastic tube. Figure 10 rep-
resents the EIT reconstructions corresponding to times 7 min, 14 min,…, 84 min. The first five re-
constructions (7-35 min) clearly show the increase of the electrical conductivity due to the infiltra-
tion of water. After 35 min, the EIT reconstructions clearly indicate how the moisture spreads in the 
sample, resulting a relatively uniform conductivity at the end of the experiment (84 min).  
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FIGURE 10 Case 1: EIT reconstructions of water infiltration (absolute imaging) 
 
5.6.2 CASE 2: Water infiltration with an obstacle 
 
The aim of the experiment was to figure out if a water plume rounding an obstacle can be seen in 
EIT reconstructions. A 1 cm thick clay slab was used as an obstacle in the background. Difference 
imaging was used as a reconstruction method, so the reference data was measured as the clay slab 
had been inserted in the soil and before water was injected. 
 
       
FIGURE 11 Left: Photograph of the experiment in Case 2. (Photograph Paula Kaipio 2012) Right: 
Schematic side view at the experiment. 
7 min 
84 min 77 min 70 min 
63 min 56 min 
42 min 35 min 
49 min 
28 min 
21 min 14 min 
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Clay slab (33 cm x 17 cm) was inserted in medium fine sand as shown in Figure 11. The clay slab 
was put to reach over a half the tank. 2.5 liters of water was injected through a plastic tube during 
77 minutes. The plastic tube was inserted in the top soil right above the clays lab (Figure 11). 
 
 
FIGURE 12 Case 2: EIT reconstructions with clay slab (difference imaging) 
 
The EIT reconstructions in Figure 12 represent the water infiltration in this case of a clay slab obsta-
cle, corresponding to times 7 min, 21, min,…, 77 min. Again, the EIT images clearly show the move-
ment of the moisture as higher electrical conductivity during the water infiltration. The images also 
clearly show how the direction of the flow is affected by the clay obstacle. While in Case 1, the wa-
ter flow was mostly vertical, in Case 2 the water moves around the obstacle. 
 
5.6.3 CASE 3: Water infiltration with two soil layers 
 
In a natural state of vadose zone, differents soil types are layered. In this experiment two different 
soils were packed on top of each other harshly mimicking natural soil layers. In addition, soil vol-
umes are rarely homogenous. Silty sand, used in this experiment, was a poorly permeable, non-ho-
mogeneous soil type and fine sand is more permeable. The bottom half of the tank was filled with 
silty, non-homogeneous soil as shown in the Figure 13. The top half of the tank was filled with fine 
sand (Figure 13).  Plastic tube was inserted in the soil from 10 cm from the wall of the tank for add-
ing water. Amount of 400 ml of water was injected into the sample during 5 hours. Difference imag-
ing was used for reconstructions, and reference data was measured before adding water.  
 7 min 
77 min 
35 min 21 min 
63 min 49 min 
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FIGURE 13 Left: Photograph of the bottom layer (silty sand) Right: Photograph of the bottom layer 
(fine sand) of CASE 3 (Photographs Paula Kaipio 2012) 
 
 
 
 
 
FIGURE 14 Case 3: EIT reconstructions. 
 
 
FIGURE 15 Case 3: EIT reconstructions in different color scales and view. 
 
Figures 14 and 15 represent the EIT reconstructions in Case 3, where water was infiltrated through 
two types of soil. The reconstructions correspond to times 14 min, 42 min and 112 min. The EIT 
images clearly show the movement of the water during water infiltration. It is also clearly shown, 
that the water refrains and the electrical conductivity increses on top of the silty soil. While in Cases 
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1 and 2, the water flow continues towards the bottom of the tank, in Case 3 the water plume only 
reaches half way of the tank. The later reconstructions of the experiment, which are not presented 
in these results, look almost equally the same as the third reconstruction at 112 minutes. The vol-
ume of higher electrical conductivity doesn’t notably spread after 11:08. 
 
5.6.4 CASE 4: Locating substances 
 
Saline fluids or substances in water, which are infiltrated into the soil, are conductive and theoreti-
cally suitable for EIT imaging. The ability of imaging water flow in soil using EIT is based on con-
trasts in electrical conductivity caused by the increase of water content. As a soil sample is moistur-
ized and water is added into the soil, the sample is conductive, and there are changes in conductiv-
ity (more saturated soil is more conductive). Electrical conductivity of water depends on the amount 
of dissolved salts. (R. D. Moore, G. Richards and A. Story, 2008)  
 
      
FIGURE 16 Left: Photograph of the experiment in Case 4. Right: Photograph of the amount of salt 
put in the water. (Photographs Paula Kaipio 2012) 
 
Figures 17 and 18 represent the EIT reconstructions of Case 4, where salt water was infiltrated into 
the soil. The EIT images correspond to times 21 min, 50 min and 100 min. The movement of the 
salt water is clearly shown in the middle of the soil volume as the electrical conductivity is notably 
increasing. The contrast between higher and lower conductivities is clearly seen in the EIT images, 
which indicate how the salt water is much more conductive than the water used in Cases 1, 2 and 3. 
In Case 4 the flow in soil is more noticeable in comparison to the previous cases.   
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FIGURE 17 Case 4: EIT reconstructions of salt water infiltration 
 
 
Figure 18 Case 4: EIT reconstructions of salt water infiltration in slices 
 
 
5.7 Discussion of laboratory experiments 
 
The results of laboratory experiments presented in this chapter are reasonable in general. The direc-
tion of water flow and amount of moisture are somewhat visible and deduceable. EIT as an imaging 
method is extremely sensitive to measurement and modeling errors. Alltogether there are number of 
factors which might cause errors in the results. Due to this, the results are admittedly good. 
 
Nevertheless, there are errors in some of the reconstructions. There are some artefacts in the three-
dimensional EIT reconstructions, which cannot be seen in the presented two-dimensional cross-sec-
tions of the EIT reconstructions. Tens of experiments were carried out during the thesis project, of 
which a few interesting case was selected to be presented this thesis. A few of the test cases of all 
the experiments resulted faulty EIT reconstructions. These unsuccessful cases as well as some of 
the artefacts mentioned above have most likely been caused by the measurement device. 
 
In this work, the major source of measurement errors appeared to be the malfunctioning of the SIP-
FIN measurement device used in the experiments: at the end of the project, it was noticed that the 
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device measures occasionally the electric current incorrectly. Sometimes this results in relatively 
large systematic errors which EIT does not tolerate.  
 
In addition, setting up and preparing a measurement can cause errors to the EIT reconstructions. 
The surface of the electrodes could be too dry causing poor contact impedance, which can cause 
error. Naturally, user might make mistakes for example while using the software. The user must 
choose some of the measuring parameters from the software which are used in the Matlab codes. It 
is possible to make a mistake in selecting these parameters. There is a possibility to make humane 
mistakes before and during, even after an experiment. Preparation of set-up requires attention in 
several issues. These preparation issues are such as drying, watering and mixing a sample, keeping 
the tank and electrodes clean and unbroken as well as cheching the connections between tank and 
devices. During the experiment paying attention is required; water is poured evenly throughout the 
measurement, starting measurement and saving data by computer is exactly every 7 minutes (time 
between data sets) and for example bookkeeping of the added water is done. After measurement, it 
is important to carefully empty the tank minding the electrodes. 
 
As for modeling errors, EIT is an ill-posed inverse problem, which means that the reconstructions 
are extremely intolerant modeling errors, as mentioned before. Difference imaging method is usually 
more tolerant to modeling errors than absolute imaging, and was thus used in most of the above 
cases. However, it has been shown that with some novel computational methods (especially so-
called approximation error method), it is possible to improve the tolerance of the absolute imaging 
with respect to modeling errors. (Kaipio J. and Somersalo E. 2005) Application of such methods to 
the experimental data collected in this thesis is one of the next steps in this research. In addition, 
measuring each data set for 7 minutes results in inaccuracy in the EIT reconstructions: the conduc-
tivity of the target is substantially changing due to continuous infiltration of water. However, there 
are recently developed computational methods also for improving the accuracy of EIT reconstruc-
tions affected by the duration between data sets. (Voutilainen, A. Lehikoinen, A. Vauhkonen, M. and 
Kaipio, J.P. 2011) 
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6 FIELD MEASUREMENTS 
 
For studying the suitability of EIT for measuring water flow in the vadose zone it is vital to see, how 
the method works in field studies. The suitability of EIT was tested for measuring water flow in field 
in Noro, Maaninka, Finland. 
 
6.1 Experiments in general 
 
The field measurements were carried out in Maaninka, Northern Savonia. Part of Northern Savonia’s 
ridge reaches in the area where a stone processing company, Rudus Oy, has its material resource 
site in Noro, Maaninka. In collaboration with the company, the field measurements was carried out 
in Noro in October 2012 and August 2013. The aim was to measure water flow in natural state. 
 
 
 
 
FIGURE 19 Maaninka, Northern Savonia 
 
Figure 19 shows the location where the field experiment was carried out. Maaninka is located ap-
proximately 44 km North-West of Kuopio. The ridge is presented in Figure 20. 
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FIGURE 20 Photograph of ridge, Maaninka (Tuomo Savolainen 2012) 
 
The set-up was somewhat comparable to the laboratory scale measurements since the number of 
electrodes, both lines and rows, depth from the surface, as well as the measuring parameters such 
as current injection array and frequencies were the same. However, while in the laboratory, rectan-
gular electrodes were used for imaging the contents of a finite sized tank, in the field the electrodes 
were made of copper tape strips wrapped around four poles that were sticked into the soil. This 
causes error to the EIT reconstructions because in this work, the electrodes were modeled using the 
same geometrical pattern as in the laboratory experiments. 
 
6.2 Field measurement October 2012 
 
First field measurement was carried out in October 2012. As shown in Figure 21, the tank used in 
laboratory experiments was replaced by measurement poles in the field set-up.  
 
 
FIGURE 21 Photograph of the measurement set-up of the field experiment (2012) (Photograph 
Paula Kaipio 2012) 
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As shown in Figure 22, four poles (red) including five electrode strips under surface were inserted 
into the soil. The soil around the poles was compressed by hand so that there would be no loose or 
airy gaps, neither difference in compactness around the poles and the area which was to be meas-
ured. The tube (green) through which the water was poured was inserted in 3 cm depth. 
 
 
FIGURE 22 Left: Schematic view of electrode pole placement Right: Photograph of measurement 
set-up of the field measurement (2012) (Photograph Paula Kaipio 2012) 
 
Salt water was injected into the soil during the whole experiment (45 min). Figure 23 represents the 
EIT reconstructions corresponding to times 7 min, 15 min,…, 45 min. The reconstructions clearly 
show the increase of the electrical conductivity due to the infiltration of salt water. The reconstruc-
tions are presented as two-dimensional cross-sections of three-dimensional EIT reconstructions. The 
duration of the experiment was only 45 minutes totalling six data sets. The measurement system 
shut down after 45 minutes of measuring due to the cold weather. The cold weather might also 
have effected the reconstructions by causing some error. 
 
 
     
     
FIGURE 23 EIT reconstructions of the first field experiment (2012) 
 
  
22 min 15 min 7 min 
31 min 38 min 45 min 
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6.3 Field measurement August 2013 
 
The second field experiment was carried out in August 2013. The experiment was carried out by the 
same ridge in Noro as the previous experiment (Figure 24). As a difference to the previous meas-
urement, the soil in the second one was finer and more packed sand. Another significant difference 
between this and the previous field study was that some water was sprayed on the electrodes of the 
poles to make better contact impedance. These changes had been made in order to improve the 
results from the first measurement in the field. In addition, this experiment was carried out in 
warmer weather in order to improve the operability of the measurement system. 
 
 
FIGURE 24 Photograph of field set-up (2013) (Photograph Paula Kaipio 2013) 
 
 
 
 
 
FIGURE 25 EIT reconstructions of the second field experiment (2013) 
 
Salt water was injected into the soil during the whole experiment. Figure 25 represents the EIT re-
constructions corresponding to times 7 min, 14 min,…, 77 min. Again, the EIT reconstructions 
77 min 63 min 49 min 
35 min 14 min 7 min 
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clearly show the increase of the electrical conductivity due to the infiltration of salt water. It is 
clearly shown how the water flow is slower in comparison with the previous experiment. It was ex-
pected due to selecting finer and more packed soil for measuring. In comparison with the first field 
measurement, there were also a lot more frames of this experiment. Only six of these are presented 
in Figure 25 since the last frames were extremely similar to the sixth reconstruction (77 min). This 
suggests that the moisture distribution did not majorly change towards the end of measuring.  
 
6.4 Discussion of field experiments 
 
There are many uncertainties in the field experiments. The results are surprisingly good taking into 
account especially the geometrical modeling errors made in cases of field studies.  
 
As for the first measurement (October 2012) the temperature during actual measurement was just 
above 10 degrees which affected the measuring devices and computer. Measuring took more time 
than normally in laboratory, which makes the reconstructions more inaccurate. The less time meas-
uring one data set takes (of which one reconstruction represents), the better it indicates situation 
under surface in real time. Now there is only one EIT image per every 7-8 minutes, even though in 
that time naturally there has been changes in the water movement.  
 
Set-up for field experiment was done imitating the laboratory scale when it comes to the boundaries 
of the soil between the electrodes. Measured area was set to match the size of the laboratory tank. 
Also the amount of water poured into the ground, and the size of the tube were same in general in 
comparition with the laboratory experiments. These arrangements were put up for the ability of us-
ing the same Matlab-codes for computing the results, as well as for comparability with the previous 
results. 
 
Reconstructions of the second experiment (August 2013), are even better in comparison with the 
first one. The set-up is theoretically equally as prone to the amount of errors, both in measuring and 
modeling as for the first experiment. However, better results were obtained, perhaps because of 
warmer weather and better functuability of devices. In addition, finer soil is better choice when it 
comes to the temporal resolution: water flow is slower. It corresponds better to the 7-8 minutes 
time lapse of one frame. Otherwise the same factors affected the second field experiment. Overall 
the set-up was similar in both.  
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7 CONCLUSIONS 
 
The aim of this thesis was to investigate the suitability of electrical impedance tomography (EIT) for 
monitoring unsaturated water flow in different soils. Experiments were set up in which EIT measure-
ments were performed during water was added in soil samples. Laboratory and field experiments 
were carried out to analyse, whether EIT could be used for receiving accurate and feasible three-
dimensional reconstructions of water flow in soil. 
 
In both laboratory and field experiments feasible information of moisture distribution was received. 
The reconstructions of water movement show approximately the position and amount of water in 
the soil sample. Some faults occurred in part of the results, possibly due to measurement or model-
ing errors. However, the majority of the results strongly support the usability of EIT for monitoring 
water flow in soil. 
 
The results indicate that EIT could be used for detecting water flow and saline contaminants in va-
dose zone, and even the structure of soil. Further feasibility still requires imrovements and more 
testing, as image reconstruction problem in EIT is very sensitive to measurement and modeling er-
rors. For further testing of EIT, the practical suitability and target for measuring needs to be care-
fully considered. Measuring water flow in for example silty sand is extremely slow and for example 
measuring possible leaks in landfills might need reference data before leaking occurs. 
 
The results in this thesis strongly support the possibility of a competitive method for measuring wa-
ter flow in soil. With more research and testing of EIT, the method could in the future provide even 
more accurate and reliable information of water movement in soil. The method would at its best en-
able investigating and predicting water resources even globally. In general, it would possibly be a 
tool for preventing groundwater contamination, and even for example the causes of frost heaving 
and spring flooding of extreme snowmelt. Preventing these causes would save resources and sup-
port the health of humans and nature. 
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APPENDIX 1 MEASUREMENT RECORDING SHEET 
 
 
 
